INTRODUCTION
DNA base moieties can be modified by endogenous chemical reactions such as deamination, oxidation, and alkylation [1,1a] . These base modifications can lead to genetic alterations, e.g., deamination of cytosine generates uracil which, if not removed from DNA, will cause G : C A : T transition mutations [1,1a, 2] . Uracil and other modified bases (e.g., thymine glycol and 7,8-dihydro-8-oxoguanine) can be excised by the base-excision-repair (BER) pathway [3] [4] [5] [6] [7] [8] . The enzymes of the BER pathway are highly conserved from bacteria to humans [9] . In the first step of the BER pathway, a modified base is removed by a DNA glycosylase. For example, uracil is removed from the DNA by uracil-DNA glycosylase (Ung), which catalyses the cleavage of the N-glycosylic bond linking the base to the sugar to generate a secondary DNA lesion, i.e., an apurinic\apyrimidinic (AP) site [10, 11] . AP-site lesions also arise as a result of spontaneous base loss, and, in human cells, as many as 10 000 AP sites are estimated to occur daily [12, 13] . AP sites lack template information and are known to be genotoxic [14] [15] [16] . The mutagenic potential of AP sites is prevented by AP endonucleases, which constitute the second enzymic step of the BER pathway [15, 17] . The BER pathway is completed by DNA repair synthesis and ligation [1,1a] .
In Escherichia coli, two hydrolytic AP endonucleases, exonuclease III and endonuclease IV, have been characterized
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processed. Addition of the highly specific inhibitor of uracil-DNA glycosylase produced by Bacillus subtilis to the extract prevented the formation of the 20-mer product, indicating that removal of uracil is catalysed by uracil-DNA glycosylase. The data suggest that the 20-mer product was generated by a sequential reaction, i.e., removal of the uracil base followed by 5h-cleavage of the AP site. Further analysis revealed that product formation was dependent upon the presence of Mg# + , suggesting that cleavage of the AP site, following uracil excision, is carried out by a Mg# + -dependent AP endonuclease. It would appear that these activities correspond to the first two steps of a putative base-excision-repair pathway in C. elegans.
Key words : abasic site, base lesion, cytosine deamination, exonuclease, glycosylase inhibitor. [17, 18] . Both enzymes recognize AP sites and cleave the phosphodiester bond 5h to the AP site, generating a 3h-hydroxy group and a 5h-deoxyribose phosphate terminus [17, 18] . Exonuclease III is Mg# + -dependent and constitutes nearly 90 % of the total AP endonuclease activity [19] . In contrast, endonuclease IV is metalion-independent and accounts for $ 5 % of the AP endonuclease activity under normal growth conditions, but can be substantially induced by oxidants such as paraquat [20] . Exonuclease III and endonuclease IV exemplify two distinct families of AP endonucleases, termed Exo III and Endo IV [17, 18] . Both family members are conserved in yeast, while only members of the Exo III family have been found in mammalian cells [18] . In yeast, mutants devoid of AP endonuclease activity are hypersensitive to agents that create AP sites, such as methyl methanesulphonate [16, 21] . In addition, these mutants exhibit very high rates of spontaneous mutations as a consequence of unrepaired AP sites [16, 18] . Moreover, cross-species complementation analyses revealed that AP endonucleases from one family can substitute for AP endonucleases from the other family in the repair of AP sites [15, 22, 23] . To date there are no studies demonstrating the existence of BER in the nematode Caenorhabditis elegans. Moreover, very little is known about DNA repair in this organism, with the exception of a recent demonstration that the Mre11 protein is involved in the repair of irradiation-induced chromosomal damage, and that the C. elegans alkyltransferase (Agt-1) protects mutant E. coli from alkylation damage [24, 25] . Previously we isolated two distinct C. elegans genes designated apn-1 and exo-3, which encode putative AP endonucleases, suggesting that the BER pathway may also be conserved in C. elegans [26] (J. Y. Masson, S. Tremblay and D. Ramotar, unpublished work ; accession number AF034258). So far, C. elegans is the only multicellular organism that has been shown to have genes belonging to both AP endonuclease families. We are interested in determining the biological function of the apn-1-and exo-3-encoded proteins. As a first step in this pursuit, we set up an in itro assay using an oligonucleotide substrate to characterize AP endonuclease activity in embryonic extracts derived from C. elegans. During our analysis of AP endonuclease activity we discovered that the extract also possesses an Ung activity. The extract therefore rapidly removes uracil prior to cleavage of the resulting AP site by a Mg# + -dependent hydrolytic AP endonuclease.
MATERIALS AND METHODS

Growth and maintenance of the nematode cultures
C. elegans strain Bristol N2 were maintained on 10-cm-diameter enriched peptone plates with agar on to which had been plated E. coli strain BW528 [∆(xth-pnc),nfo1 : : kan] [27, 28] . The nematode worms were floated off the plates with sterile water and placed in complete S basal liquid culture medium supplemented with E. coli BW528 for 48 h prior to harvesting [27] . In the present study, strain BW528 was used instead of strain OP50 as food source because it is completely deficient in AP endonuclease activities [28] . Strain BW528 was grown in liquid culture (16 g of tryptone, 10 g of yeast extract and 5 g of NaCl per litre) at 30 mC, harvested, and stored at k80 mC as a food supply for the worms.
Axenization of worms and isolation of embryos
Worms from liquid culture were collected by centrifugation (2000 g for 5 min) at 4 mC, sucrose (30 %, w\v)-floated, and washed three times with sterile water. Worms were pelleted, then treated with 1.1 % NaOCl and 714 mM freshly prepared NaOH for 12 min at room temperature, during which time the samples were vortex-mixed two or three times to resuspend and aerate the worms. Released embryos were washed three times with sterile water, collected by centrifugation (2000 g), and stored at k80 mC for protein extraction. Prior to freezing, an aliquot of the embryos was transferred to an enriched peptone Petri plate and incubated at 18 mC overnight. The following day, the embryos were examined under the microscope to ensure that they developed into first-stage larvae and to ensure that the axenization procedure was efficient.
Preparation of embryonic protein extract
The embryos were placed on ice prior to the addition of an equal volume of chilled extraction buffer A [50 mM Tris\HCl (pH 7.4), 30 mM KCl, 10 % (v\v) glycerol, 1 µg\ml leupeptin, 1 µg\ml aprotinin, 1 mM benzamidine and 1 mM PMSF] and were kept on ice throughout the extraction procedure. Total proteins were extracted by sonication (ten short bursts of 10 s each at 50 W ; Sonifier cell disruptor model W185D ; Heat Systems Ultrasonic Inc., Plainview, Long Island, NY, U.S.A.), followed by centrifugation (9000 g) for 20 min in a microcentrifuge (Jouan ; Canberra Packard, Mississauga, Ont., Canada) at 4 mC to remove cellular debris. The supernatant, consisting of crude protein extract, was quantified for protein as described by Bradford [29] using BSA as the standard protein, divided into portions and stored at k80 mC for future use.
Table 1 Oligonucleotide substrates used in this study
The length of the oligonucleotide substrates is 42-mer, except the upper strand of C 21 : G, which is a 40-mer.
Name
Nucleotide sequence
Preparation of oligonucleotide substrates
The synthetic oligonucleotides used in this study are shown in Table 1 and were purchased from Gibco BRL or BioCorp (Montreal, Que! ., Canada). The upper-strand (Table 1) oligonucleotides (100 ng) were radiolabelled as previously described [15] at the 5h ends with 50 µCi of [γ-$#P]ATP (6000 Ci\mmol ; Amersham) using T % polynucleotide kinase (Promega). The labelled oligonucleotides were ethanol-precipitated to remove enzyme and unincorporated ATP, and gel-purified, prior to annealing with an equimolar concentration of a complementary strand of DNA [15] . The 42-bp oligonucleotide bearing a uracil residue at position 21 opposite a guanine residue (substrate U#" : G ; see Table 1 ) was used for routine assays.
Enzyme assays
The enzyme assays were carried out in buffer B [100 mM Tris\HCl (pH 7.4)\5 mM MgCl # ] in a final volume of 12.5 µl. A 25 ng portion of 5h-end $#P-labelled oligonucleotide substrate was incubated with 6.4 µg of embryonic extract at 37 mC for the times indicated. Reactions were stopped with 5 µl of formamide loading buffer (76 % formamide, 0.3 % Bromophenol Blue, 0.3 % Xylene Cyanole and 10 mM EDTA). Samples were heated at 65 mC for 3-5 min to dissociate the labelled oligonucleotide from DNA-binding proteins. The reaction products were separated on 10 % (w\v) polyacrylamide\7 M urea gels and viewed after autoradiography [15] . When used, the Ung inhibitor (Ugi ; generously provided by Dr Dale Mosbaugh, Environmental Health Sciences Center, Oregon State University, Corvallis, OR, U.S.A.) was added to the reaction mixture prior to the addition of embryonic extract.
In the case of pretreatment of the substrate with E. coli Ung (Gibco BRL), the oligonucleotide substrate (250 ng) was incubated with 1 unit of Ung in 30 mM Hepes\KOH (pH 7.6)\ 50 mM NaCl\2 mM EDTA for 30 min at 37 mC, followed by inactivation at 65 mC for 10 min. The resulting AP-site substrate (25 ng) was incubated a further 30 min with 2 ng of endonuclease IV (purified in this laboratory) in buffer B or with 50 ng of purified endonuclease III (generously provided by Dr Bob Melamede, Biology Department, University of Colorado, Colorado Springs, CO, U.S.A.) in buffer C [50 mM Hepes\KOH (pH 7.5), 50 mM KCl, 50 µg\ml BSA and 2 mM EDTA] at
RESULTS
C. elegans embryos as a source of protein extract
The C. elegans strain N2 used in the present study is typically provided with the standard bacterial wild-type strain OP50 as a food source [27] . We initially planned to use protein extracts derived from whole worms to study processing of AP sites, but this raised an important concern regarding the bacteria present in the intestine of this organism, which could be a source of contaminating AP endonucleases. As such, this prompted a search for alternative food sources, including milk powder, a mixture of amino acids supplemented with vitamins and trace metals, and yeast extracts. However, none of these alternative food sources sustained normal growth of the worms. For our experiments, we therefore substituted strain OP50 with the bacterial strain BW528, which is deficient in both AP endonuclease activities, endonuclease IV and exonuclease III [28, 30] . We found that this substitution did not cause any observable change in the phenotype of C. elegans. As an additional step to avoid any other bacterial protein contamination, we used purified embryos derived from worms grown on BW528 as a source of extract.
Embryonic extracts rapidly cleave the oligonucleotide substrate at a specific position
A defined 42-mer double-stranded oligonucleotide was used as a routine substrate [15] . One strand of the substrate U#" : G (upper strand ; Table 1 ) was 5h-end-labelled with $#P and contained a single uracil residue at position 21, which mispaired with guanine on the complementary strand [15] . Incubation of the substrate with the C. elegans embryonic extract (6.4 µg) rapidly generated a 20-mer product in a time-dependent manner ( Figure 1A) . The product was detected as early as 15 s, and nearly 70 % of the substrate was cleaved within 10 min ( Figure 1A) . We then tested to see whether the extract was also able to cleave a similar substrate where the only modification was that the uracil was placed further upstream at position 13. Cleavage of this latter substrate also occurred, but the kinetics of the reaction were slower ( Figure 1B ). The data demonstrate that the C. elegans embryonic extract is capable of cleaving the DNA at the site of the U : G lesion.
Cleavage of the uracil-containing substrate is inhibited by Ugi
It is known in other systems that cleavage of U : G lesions in DNA is carried out by hydrolytic AP endonucleases that require prior removal of the uracil by Ung [31] . To assess if the first step of the reaction is dependent on Ung, we examined whether the Bacillus subtilis inhibitor Ugi, which has been demonstrated to specifically inhibit Ungs from various organisms [32, 33] , is capable of preventing cleavage of the 42-mer substrate bearing uracil opposite guanine. When increasing amounts of the purified Ugi were added to the reaction mixture prior to addition of the extract (6.4 µg), the appearance of the 20-mer product was strongly reduced (Figure 2A ; lanes 3-7) . Complete inhibition of the 20-mer product was observed with 0.03 µM Ugi (Figure 2A,  lane 5) . The data clearly demonstrate that cleavage of the U : G lesion is dependent upon an Ung activity.
Specificity of the cleavage reaction
To assess further whether the Ung activity can process lesions other than U : G, we examined the cleavage activity using various substrates, including U#" : A and U#" : T, as well as substrates without uracil such as C#" : G, A#" : G, and T#" : G (Table 1 ). As
Figure 3 Specificity of cleavage of various oligonucleotide substrates by C. elegans embryonic extract
The labelled oligonucleotides U 21 : G (42-mer, lanes 2 and 3), C 21 : G (40-mer, lanes 4 and 5), A 21 : G (42-mer, lanes 6 and 7) and T 21 : G (42-mer, lanes 8 and 9) (see Table 1 for nucleotide sequences) were all used at 1.4 nM and incubated with a fixed amount of embryonic extract (6.4 µg) for 0 min (lanes 2, 4, 6 and 8) and 10 min (lanes 3, 5, 7 and 9) at 37 mC. Product formation was assessed as in Figure 1 , using three independent extracts. Singlestranded oligonucleotides of different sizes (42-mer, 30-mer, 27-mer, 21-mer and 20-mer) were all labelled and used as standard size markers (lane 1).
shown in Figure 2 (B), the extract also cleaved substrates bearing uracil opposite either adenine or thymine (lanes 9 and 12 respectively). The U#" : A was cleaved more slowly than either U#" : G or U#" : T, and subsequent analysis confirmed that the rate of cleavage of U#" : A was indeed less efficient (results not shown). As observed with the U#" : G substrate, Ugi also completely blocked cleavage of the U"$ : G, U#" : A and U#" : T substrates ( Figure 2B , lanes 7, 10 and 13 respectively). Under the same conditions, the extract did not cleave substrates bearing mismatches without uracil, that is, A#" : G and T#" : G (Figure 3 , lanes 7 and 9 respectively). In the control experiment, the extract did not cleave the C#" : G (a 40-mer) substrate bearing the normal base-pair ( Figure 3, lane 5) . Collectively, these data confirm that cleavage of the above substrates must be dependent on an Ung-like enzyme in C. elegans. Consistent with this, the genome of C. elegans contains a gene (accession number CE22594) that is predicted to encode a 31.3 kDa protein that shares 49 % identity with E. coli Ung (www.wormbase.org).
The AP site is cleaved primarily by a Mg 2 + -dependent hydrolytic AP endonuclease
It is known that Ungs remove uracil to generate an AP site, without cleaving the DNA [34, 35] . AP sites can be processed either by hydrolytic AP endonucleases or by enzymes with AP lyase activity [36] . The cleavage products generated by these two classes of enzymes are different. While hydrolytic AP endonucleases cleave 5h to the AP site to produce a 3h-hydroxy group, AP lyases catalyse a β-elimination reaction at the AP site to produce a blocked 3h-terminus, such as the α,β-unsaturated aldehyde generated by endonuclease III [36] . The latter product migrates slightly more slowly than the 3h-hydroxy group and can be readily distinguished on a 10 %-(w\v)-polyacrylamide DNA sequencing gel [15] . Since the C. elegans genome predicts the presence of both activities, we tested to see whether the cleavage of the substrate was due to hydrolytic AP endonuclease or AP lyase activity. Incubation of the embryonic extract with the U#" : G 42-mer substrate revealed that the 20-mer product migrated to the same position as that generated when the substrate was pretreated with purified Ung and the hydrolytic AP endonuclease, endonuclease IV ( Figure 4A , lane 3 versus lane 5). As expected, Ung alone did not cleave the substrate (lane 4). In comparison, the purified AP lyase endonuclease III cleaved the AP site substrate to generate a 20-mer product that migrated slightly more slowly ( Figure 4A, lane 6) . On the basis of this finding, it would appear that the 20-mer product produced by the embryonic extract is due to a hydrolytic AP endonuclease.
To date, two distinct genes, apn-1 and exo-3, encoding putative hydrolytic AP endonucleases, have been identified in C. elegans [18] . It is possible that the 20-mer product observed in these experiments is generated by the action of either one or both of these enzymes. In E. coli, the Exo-3-related enzyme (exonuclease III) is Mg# + -dependent, whereas the Apn-1 related enzyme (endonuclease IV) is Mg# + -independent. Since our initial reaction buffer contained MgCl # , we tested whether the formation of the 20-mer product absolutely requires Mg# + . To do this, MgCl # was omitted from the reaction buffer. Under this condition, the 20-mer product was undetectable ( Figure 4B, lane 1) . However, the product was rapidly formed upon re-addition of MgCl # (lanes 4-6). The optimal concentration of Mg# + was found to be 5 mM (lane 5). Higher concentrations of Mg# + (50 mM) completely abolished the appearance of the 20-mer product ( Figure 4B , lanes 7 and 8) and may prevent the enzyme from binding to DNA [37] . The fact that cleavage of the AP site is Mg# + -dependent suggests that the reaction may be catalysed by the product of the exo-3 gene.
Figure 5 Embryonic extract lacks a detectable 3h-5h-exonuclease activity on the 20-mer product
The substrate was pretreated with E. coli Ung (20 ng) and then incubated with increasing concentrations of E. coli purified exonuclease III in the presence (lanes 1-4) or absence (lanes 5-8) of the embryonic extract. The result is representative for two independent extracts.
It is noteworthy that E. coli exonuclease III, in addition to cleaving AP sites, also progressively removes nucleotides by a 3h-5h-exonuclease activity to create a ladder that can be seen on a polyacrylamide gel [15] . However, treatment of the substrate with the embryonic extract did not give rise to such a ladder (e.g., Figure 5 , lane 1). It is likely that the Exo-3 protein either lacks a 3h-5h-exonuclease activity or possesses a very weak activity like its mammalian counterpart, hAPE [38] . We also exclude the presence of an inhibitor of the 3h-5h-exonuclease activity in the extract, as the extract did not block the formation of the ladder created by purified exonuclease III ( Figure 5, lane 4 versus lane  8) . Altogether, our data suggest that the C. elegans embryonic extract contains both a DNA glycosylase and an AP endonuclease activity.
The cleavage reaction produces a substrate for DNA polymerase
The size of the product generated above suggests that cleavage of the DNA is carried out by a hydrolytic AP endonuclease, which normally produces a 3h-hydroxy group for DNA repair synthesis [39] . As such, we examined if the product can allow incorporation of dNTPs by either the extract or exogenous DNA polymerase. When the normal deoxynucleotide (dCTP) was added to the reaction mixture, no extension of the 20-mer product was observed ( Figure 6, lane 4) . We considered that the extension may be dependent on the nucleotide pool, and therefore all four deoxynucleotides were added to the reaction mixture. However, even under these conditions there was no DNA repair synthesis ( Figure 6, lane 5) , suggesting that the extract is limiting for DNA polymerase activity. We therefore examined if exogenous DNA polymerase would catalyse nucleotide insertion. In the presence of the large fragment of DNA polymerase I (Klenow), a single nucleotide extension occurred when dCTP was added to the reaction mixture (lane 6). Multiple nucleotide insertion was observed when both dCTP and dTTP were added (lane 7), as expected according to the substrate sequence (Table 1) . Furthermore, it appears that complete synthesis occurred in the presence of all four dNTPs (lane 8), but not in the absence of Klenow (lane 9). In the absence of dCTP, no extension was observed with the other three dNTPs, even in the presence of Klenow (lane 10), demonstrating that synthesis requires addition of the correct nucleotide. Taken together, the data confirm that the cleavage reaction indeed produces a 3h-hydroxy group for DNA repair synthesis.
DISCUSSION
We show that the embryonic extract derived from C. elegans efficiently catalyses two reactions, i.e., removal of a uracil residue and cleavage of the resulting AP site from oligonucleotide substrates containing uracil. The first step is catalysed by an Ung, as product formation was completely blocked by Ugi. The second step is carried out by a Mg# + -dependent hydrolytic AP endonuclease, which is likely due to the exonuclease III homologue, Exo-3 [17, 40] . These two reactions correspond to the first two steps of the Ung-initiated BER pathway, suggesting that this pathway may be operative in C. elegans. In fact, this is the first report of BER-like catalysed reactions in C. elegans. Since our assay simultaneously measures both DNA glycosylase and AP endonuclease activities, there is no reason to suspect that the AP endonuclease activity is stimulated by the DNA glycosylase activity. We observed that complete inhibition of the Ung activity by Ugi did not interfere with the ability of the AP endonuclease in the extract to cleave a substrate with a pre-existing AP site (results not shown).
In E. coli, two distinct DNA glycosylases, Ung and Mug (mismatch-specific uracil glycosylase), which both remove uracil from DNA, have been identified and characterized [31, 41] . The Ung enzyme excises uracil from both single-and double-stranded DNA [31] . Ung is ubiquitous in nature and belongs to a family (Ung) of highly conserved DNA glycosylases. In contrast, the mismatch-specific uracil glycosylase, Mug, has an absolute requirement for double-stranded DNA and removes uracil when it is mispaired with either guanine or adenine [41] . In addition, Mug is unrelated to members of the Ung family. Both DNA glycosylases can be distinguished, however, by differences in response to the Bacillus subtilis bacteriophage Ung inhibitor protein Ugi [33, 42, 43] . While members of the Ung family are inhibited by Ugi, members of the Mug family are unaffected [41] . Our observation that Ugi completely inhibited the cleavage of the substrate indicates that the initial step of the repair pathway is catalysed by a member of the Ung family. Consistent with this notion, the C. elegans database revealed a single gene (accession no. CE22594) predicted to encode a member of the Ung family, which shares 49 % identity with E. coli Ung. Moreover, the C. elegans database did not reveal any homologue of the Mug family.
Our data also revealed that the second step of the repair pathway is catalysed by a Mg# + -dependent hydrolytic AP endonuclease that is likely encoded by the exo-3 gene. In fact in E. coli, as well as in mammalian cells, the exonuclease III-like enzyme is responsible for the major portion of the AP endonuclease activity [19] . A notable difference between the C. elegans Mg# + -dependent AP endonuclease and the E. coli exonuclease III is that the former is completely inhibited by 50 mM MgCl # , whereas the latter still retains a substantial level of activity (results not shown). We were unable to detect the Mg# + -independent AP endonuclease, the putative product of the apn-1 gene, in the embryonic extract. It is possible that Apn-1 expression may be reminiscent of the E. coli endonuclease IV that is weakly expressed under normal growth conditions, but is substantially induced upon exposure of the cells to oxidative agents [20] .
Despite the fact that the first two steps of the pathway created a suitable DNA polymerase primer (3h-hydroxy end), as evidenced by the fact that incorporation was observed with exogenous DNA polymerase, the extract did not contain any detectable DNA polymerase activity. We exclude the possibility that the cleaved AP site is blocked by DNA-binding proteins present in the extract, since Klenow enzyme was able to catalyse DNA synthesis from the product of the cleavage reaction. We also exclude the possibility that the endogenous DNA polymerase requires a more natural substrate, as no polymerase activity was detected even with bleomycin-damaged chromosomal DNA (results not shown). On the basis of these findings, it would appear that the conditions used for preparing the embryonic extract do not permit measurement of endogenous DNA polymerase activity. The lack of polymerase activity in the extract could be due to the method of extraction that could cause instability of the polymerase. Alternatively, the method of extraction could cause separation from or dilution of possible associated factors, which might either be required to recruit polymerase to the nicked DNA or to enhance its activity. Thus, completion of a potential BER pathway in this organism remains to be established in itro, and will be dependent upon the development of a system to detect DNA polymerase activity.
Although the embryonic extract is proficient in the removal of uracil, we have not exploited the system to examine other types of modified base lesions such as the oxidative DNA lesion thymine glycol, 7,8-dihydro-8-oxoguanine, and\or alkylated bases [3, 4, 6, 8] . We anticipate that the extract should repair thymine glycol because of the presence of a gene encoding a putative endonuclease III-like enzyme (accession no. Z50874), that removes oxidized pyrimidines [44] . It would be interesting to test if the extract is capable of removing 8-oxoguanine, particularly since the genome does not contain a gene encoding a homologue of either the human or yeast Ogg1 enzyme that repair this lesion [45, 46] . It might also be interesting to explore the extract for other DNA-repair pathways, such as the nucleotide excision, mismatch repair and recombinational repair.
Because in nature C. elegans lives in a milieu containing microbial as well as other genotoxins, this organism may possess a multitude of enzymes to process a variety of DNA lesions. Alternatively, C. elegans may possess a limited number of DNA repair enzymes, some of which may have a wide spectrum of substrate specificity. As such, the extract can be exploited as a screening assay for the removal of novel base lesions.
